Creative Commons CC-BY-NC licence https://creativecommons.org/licenses/by-nc/4.0/ 
Introduction
Structural health monitoring (SHM) approach o ers a paradigm shift from a schedule driven maintenance regime to a condition based maintenance philosophy. This family of approaches have attracted both industrial and academic attention [1, 2] . Using a network of sensors and/or actuators, SHM systems continuously monitor structural integrity while the structure is in operation. By monitoring the response of the structure and appropriate post-processing techniques it can result in impact detection and characterization [3] [4] [5] [6] [7] as well as damage detection and localization [8] [9] [10] [11] . Sensorized structures, with embedded or surface mounted sensors, record the response of the structure during operation and result in on-line damage detection. Therefore, the SHM has the potential to reduce the downtime for scheduled inspections and maintenance and offer a condition based maintenance strategy for lower cost and higher reliability. The decision to have any SHM system permanently installed on the structure as a maintenance strategy is directly influenced by the additional weight of the system as well as its reliability and probability of detection. The additional weight of the onboard monitoring system can be addressed by optimizing the number and location of the required sensors [12] [13] [14] [15] . The reliability of the SHM system must be tested and assessed under operational condition of the structure [16] . This is significant, as most of the established damage assessment techniques require comparison between two system states. However, the structural response will vary under di erent environments such as changes in temperature, load level and humidity. These changes in the structural performance, within the designed operating range clearly are not a concern, yet these changes can have significant e ects on the SHM system performance [17] . There are many damage detection techniques based on ultrasonic guided waves, which have been developed and validated in laboratory conditions. However, for certifying any SHM technique as a maintenance strategy, its performance must be tested under operational conditions. The regulatory bodies (e.g. FAA) have included the use of SHM only as a scheduled maintenance technique so far, to be used in parallel with existing detection techniques, set at fixed schedule intervals (ATA-MSG3-rev 2009). This approach is to demonstrate the capability, reliability and durability of such techniques in an in-service condition. In this paper, the effect of temperature, humidity and vibration on SHM based damage detection methodology is investigated. The integrity of the onboard SHM system is tested under operational condition, whereas the reliability and probability of detection of the diagnostic system is assessed for on ground conditions.
Overview of the SHM system
An effective condition based monitoring system should integrate the SHM sensors/components into the aircraft without any appreciable adverse effects on the performance of the host structures or other aircraft systems. The most significant aspects of the system architecture are the physical and functional attributes:
• Physical architecture: sensors, transducers, wires, data acquisition systems, amplifiers, other components and subsystems as well as their interconnections.
• Functional architecture: performance requirements (i.e. damage detection (BIVID), reliability, etc.) Figure 1 shows the main physical entities of the proposed SHM architecture. Transducers (Sensors and actuators) and their connections are physical entities that must be built into each individual SHM enabled part. 
Damage detection algorithm
The idea of smart structure is to have SHM systems on board to diagnose its health status through permanently installed sensors and only trigger for maintenance action only when a defect is detected. Once the fault is detected and characterized, the remaining useful life of the component will be predicted using the recorded data. The proposed damage detection algorithm is based on ultrasonic guided wave with delay and sum algorithm [10, 18, 19] which is based on baseline subtraction techniques to detect and localize damage based on the damage reflected wave, i.e. the residual signal. In an ideal situation, the residual signal only contains damage-reflected features. However, the operational and environmental load conditions can contribute to the residual signal and result in misseddetection or false alarm. Temperature fluctuations directly influence the propagation velocities of guided waves in terms of change in amplitude and/or phased shift. The methodology presented here to correct the temperature effects on the recorded signals is the multiple baseline signal stretch (MBSS) [20] . In previous correction methods [21, 22] , usually only one correction factor has been proposed (e.g. BSS method). However, each wave mode is influenced differently by temperature change. In addition, the time delay is cumulative in time. That is it increases with propagation distance and increases with time. Although this change is linear for isotropic structures, it is not the case for composite plates, even if they are quasi-isotropic as shown in Figure 2 . Hence, a range of stretch factors is applied iteratively in order to reduce the residual level from temperature change over the entire signal domain. The reliability of the damage detection algorithm with temperature correction is tested with experimental tests in the next section.
Experimental set-up
The environmental test profiles that are selected represent the on-ground operational conditions of a regional aircraft operating in Europe with maximum operating altitude of 50,000 ft. The ground-based test profiles include low temperature, high temperature, humidity and vibration. The integrity tests are divided into two categories:
• A: Integrity tests of Airborne components and reliability assessment of groundbased components.
• B: Reliability assessment of Ground-based components. Tests in category A are to ensure that the on-board equipment can operate under the environmental condition of the host structure reliably during the operational life of the structure [16] . Tests in category B are carried out to assess the integrity of the data acquisition system as well as the reliability of the decision making algorithm, i.e. damage detection methodology under on-ground operational conditions. This work reports on the later, i.e. the reliability of the damage detection algorithm under the operational load of the aircraft as part of ground maintenance action.
Reliability assessment of damage detection methodology under operational condition
To investigate the reliability of the diagnosis two composite plates were manufactured to be tested for damage detection with guided waves. DuraAct transducers (PZT discs 10x0.2 mm) and an in-house manufactured SHM layer by ICL (PZT discs 10x0.25 mm) were permanently attached to two separate CFRP plates of size 225x300 mm. The plates were manufactured using 16 unidirectional Hexply 914-TS-5-134 plies with stacking sequence [0,45,-45,90] 2s of 2 mm overall thickness, see Figure 3 .
Figure 3 CFRP plates with (a) ICL's SHM layer; (b) DuraAct transducers
The plates were impacted using a drop tower with a 10mm radius hemispherical impactor head. After the impact C-scan results of the panels were taken to confirm the initation of barely visible impact damage (BVID). Signals under environmental loading (including temperature, humidity and vibration) was recorded in an environmental chamber for pristine and impacted plates to assess the damage detection methodology. The assessment of the sensor integrity have been verified earlier [16] .
Results and Discussion

Influence of temperature and humidity
Since temperature influences the stiffness of the plate, it affects the propagation velocity of guided waves, which influences the time of arrival (ToA) of the wave, see Figure 4 . This phase shift can be mistaken as a damage residual if not corrected. The damage detection algorithm without and with MBSS temperature correction were applied to detect and localize BVID. The results of the diagnosis with temperature correction is shown in Figure 5 for 50 kHz excitation. The baseline was measured at 25°C while the post-impact signals were recorded from -50°C to 60°C. Temperature compensation was also shown to be e ective for higher frequencies such as 300 kHz excitation. In this case the error for localization was 2.5 cm for the temperature range of -5 to 35°C. When the temperature difference increased to outside of this range, the error also increased. The increased error can also be attributed to the reduced sensitivity of S 0 mode for detecting through thickness BVID. The relative amplitude of the residual at 300 kHz was at least 50% lower compared to the A 0 dominate excitation at 50 kHz.
There were no significant influence due to changes in humidity on the propagation velocities of guided waves [23] . One reason could be that the duration of the humidity loads applied (in combination with temperature profile) was not long enough to notice any adverse effects. Noticeable humidity saturation is reached in time scale in the order of months and years. Figure 5 Impact damage detected on a CFRP panel at 50 kHz with MBSS correction
Influence of vibration
The influence of random vibration on the recorded guided wave signals is shown in Figure 6 . Since the damage detection methodology is based on baseline comparison, for a reliable diagnosis the effect of the noise has to be successfully removed from the recorded signal. As a first attempt, a zero-phase Butterworth filter with high-pass cut o frequency above 2 kHz was used to remove vibration noise. However, as shown in Figure  6 the random low frequency noise can have higher amplitude than the diagnostic signals which results in the signal to be clipped or even saturated if a the recording voltage range will be close to recorded signal amplitude. To avoid the signal clipping a hardware high-pass filter was designed and used. Damage localization was then carried out with the filtered signals that were recorded during vibration to detect BVID. Both 50 kHz and 300 kHz signals were used as depicted in Figure 7 . At 50 KHz, localization was only possible using transducers that did not cross the vibration clamp (in the middle of the plate). It may appear that the effect of vibration on signals was the main reason for poor performance at 50 kHz. However, boundary conditions imposed by the vibration fixture had a significant impact on the wave propagation since the baseline measures were taken outside of the fixture. The effect of the boundary conditions on the recorded signal inside and outside of the fixture is shown in Figure 8 where it can be seen that the residuals due to the boundary condition at 300 kHz excitation (Figure 8 (b) ) are an order of magnitude lower than those for 50 kHz (Figure 8 (a) ). To avoid the influence of change in the boundary conditions, only paths which did not cross the fixture clamp were used to localize damage, Figure 8 (c). This shows the influence of changes in the boundary condition when baseline detection methods are used and that the baseline signals should be recorded under the same boundary conditions as the plate under vibration during the experiment. 
Conclusions
This paper presented the integrity and reliability assessment of an on-board SHM components under operational load conditions. The methodology proposed in this work for structural diagnosis is a baseline comparison method based on ultrasonic guided waves. Aircraft structures undergo various operational load such as temperature, humidity and vibration. These factors change the propagation properties of guided wave. Therefore, if the current state of the structure where the response is recorded varies from the baseline state, these changes can contribute to missed-detection or false alarm. The effect of temperature change was shown to have the highest influence on phase shift of recorded signal. This phase shift is not linear for composite plates in time. Therefore a single correction factor is not reliable to correct for the temperature effects. The proposed MBSS technique was shown to successfully detect and localize damage for a wide range of operating temperatures from -50 to 60 °C when the baseline measure was recorded at 25 °C. The humidity did not have any significant effect when the loading time was similar to temperature load. For the humidity to have significant effect on the structure it must be loaded for months and years which was out of scope of this work. In addition, the signals were recorded under vibration profile which represented the random vibration profile for a regional aircraft. Appropriate filters were designed to remove the effect of vibration and damage localization was then carried out with filtered signals. Due to the different boundary conditions of the plate when the vibration load was applied, there were residual which was due to reflection from clamps and decreased the accuracy of the localization. This shows the importance of boundary conditions when baseline comparison detection algorithms are applied. However, when using paths which were not affected by the new boundary conditions, the localization was carried out successfully. Therefore, it was shown that the proposed SHM methodology is capable of reliably detecting and localizing damage under on-ground operational conditions.
